The transcriptional modulator Cited2 is induced by various biological stimuli including hypoxia, cytokines, growth factors, lipopolysaccharide (LPS) and flow shear. In this study, we report that Cited2 is required for mouse fetal liver development. Cited2 À/À fetal liver displays hypoplasia with higher incidence of cell apoptosis, and exhibits disrupted cell-cell contact, disorganized sinusoidal architecture, as well as impaired lipid metabolism and hepatic gluconeogenesis. Furthermore, we demonstrated the physical and functional interaction of Cited2 with liver-enriched transcription factor HNF4a. Chromatin immunoprecipitation (ChIP) assays further confirmed the recruitment of Cited2 onto the HNF4a-responsive promoters and the reduced HNF4a binding to its target gene promoters in the absence of Cited2. Taken together, this study suggests that fetal liver defects in mice lacking Cited2 result, at least in part, from its defective coactivation function for HNF4a.
Introduction
Hepatogenesis proceeds through multiple developmental stages. During embryonic development, the induction of hepatic fate depends on the reciprocal interactions between ventral foregut endoderm and adjacent mesenchymal tissues (Zaret, 2002) . At around embryonic day 8 (E8) in the mouse, the ventral wall of foregut endoderm initiates its development toward a hepatic fate in response to the inductive growth factor signaling, including fibroblast growth factor (FGF) signaling from the adjacent cardiogenic mesoderm and bone morphogenic proteins (BMPs) signaling from nearby septum transversum (st) mesenchyme (Jung et al, 1999; Rossi et al, 2001; Duncan, 2003) . Then cells within the foregut endoderm start to proliferate and differentiate, leading to the formation of the liver bud at E9. Once the liver bud is generated and the hepatoblasts delaminate from the foregut and migrate as cords into the septum transversum mesenchyme, the cells within the embryonic liver environment must reorganize to generate the complex hepatic architecture that is crucial for normal liver function (Zhao and Duncan, 2005) . This requires extensive differentiation of the hepatocytes, organization of the extracellular matrix, development of the biliary tract, maturation of sinusoidal capillaries and hepatic vasculature and formation of a polarized epithelium (Lemaigre and Zaret, 2004) . While the embryonic liver lacks most of the liver functions in the adult as the center of metabolism, the liver acquires those functions during the perinatal and postnatal stages.
Over the last decade, analyses of transcriptional regulation of liver development have identified several liver-enriched transcription factors that are involved in liver development, differentiation and function, including C/EBP family, HNF1a and b, HNF3a, b and g, HNF4a and HNF6 (Duncan, 2000; Costa et al, 2003) . The cumulative data also strongly suggest that HNF4a acts as a central regulator of hepatogenesis, through the activation of a cascade of transcription factors that ultimately define the gene expression profile of the mature hepatocytes (Watt et al, 2003) . Genetic studies in mice have also revealed that numerous signaling molecules are required for continued fetal liver growth. Although the combined use of molecular genetics, molecular biology and embryology has allowed us to realize the proceedings in unraveling of the mechanisms that control hepatogenesis, the blueprint regarding hepatic development remains largely unknown.
Cited2 is a founding member of a new family of non-DNAbinding transcriptional coregulators (Shioda et al, 1997; Dunwoodie et al, 1998) . Members of the Cited family share a well-conserved C-terminal acidic domain (the conserved region 2, CR2) that binds to the transcriptional coactivators CBP/p300 with high affinity Leung et al, 1999) . On this basis, Cited proteins are thought to target specific transcriptional responses through interactions with other transcription factors, and to modify these responses through binding with CBP/p300. Indeed, several lines of evidence supported the view that Cited2 associates with various DNA-binding transcription factors and acts as a transcriptional cofactor to regulate gene expression mediated by these proteins, including the LIM domain-containing DNAbinding protein Lhx2 (Glenn and Maurer, 1999) , the transcription factor AP-2 (TFAP-2) (Braganca et al, 2003) , the nuclear receptors peroxisome proliferator-activated receptors (PPAR) a and g (Tien et al, 2004) , and the TGFb-signaling mediators Smad2/3 (Chou et al, 2006 ). An additional role has been proposed for Cited2 as a negative regulator of DNA-binding protein hypoxia-inducible factor-1a (HIF-1a) Freedman et al, 2003) . Collectively, these initial in vitro studies underscore the potential roles of Cited2 in different biological processes.
Cited2 plays an essential role in mouse embryonic development based on knockout studies (Bamforth et al, 2001 (Bamforth et al, , 2004 Martinez-Barbera et al, 2002; Yin et al, 2002; Weninger et al, 2005; Withington et al, 2006) . During early mouse embryogenesis, Cited2 expression is clearly evident in the cardiac mesenchyme and septum transversum mesenchyme, which gives rise to aspects of the mature liver (Dunwoodie et al, 1998) , suggesting its potential role in hepatogenesis. In this study, we characterized fetal liver defects of Cited2 
Results

Expression of Cited2 in the developing mouse liver
During early mouse embryogenesis (8-to 12-somite stage), Cited2 transcripts are localized to the myocardium and septum transversum mesenchyme (Dunwoodie et al, 1998) . By E9.25, we found Cited2 continued to express in specified hepatic endodermal cells within the liver bud as well as in the surrounding septum transversum mesenchyme, as demonstrated by the coexpression of hepatocyte-specific marker albumin and b-galactosidase from the Cited2-lacZ allele in heterozygous embryos ( Figure 1A ). At E10.5, the lacZ-and albumin-double-positive cells could be found in the hepatic primordia, as well as in the mesenchymal portion of the developing liver ( Figure 1A ). At E12.5, the lacZ-positive staining was detected in hepatocytes (HNF4a-positive cells) as well as in non-hepatocytes ( Figure 1A) . The Northern blot analysis of developing fetal liver (E12.5-E18.5), new-born (NB) liver and adult liver (8-week-old) further showed that Cited2 transcripts are highly expressed in fetal livers from E12.5 through E16.5, compared with the low expression levels in E17.5 and E18.5 livers and intermediate expression levels in newborn and adult livers ( Figure 1B ). The RNA in situ hybridization analysis also confirmed the high expression of Cited2 in E14.5 liver (Supplementary Figure 1) . Taken together, the expression pattern of Cited2 in developing mouse liver supports the idea that Cited2 may play an important role in liver development and function. Figure 2A ). However, liver weight/body weight ratio was significantly decreased in Cited2-null embryos from E13.5 to E17.5 when compared with wild-type controls ( Figure 2B ). Analysis of hematoxylin and eosin (H&E)-stained liver sections from both E14.5 wild-type and Cited2-null littermates revealed the distorted liver architecture with reduced cellularity, increased sinusoidal space and dissociated parenchymal cells in Cited2 À/À fetal liver À/À embryos from E13.5 to E17.5. The data represent the mean7s.e.m.; n ¼ 4-6 mice for each group. *P-value from Student's t-test o0.05 when comparing wild-type with Cited2-null mice. (C) H&E-stained E14.5 sagittal liver sections showed that Cited2 À/À embryonic liver has a loosened liver structure with enlarged sinusoidal space and dissociated parenchymal cells (asterisks). TUNEL staining indicated an elevated number of apoptotic cells in E14. disrupted cell-cell interaction. We examined apoptosis by the TUNEL assay and cell proliferation by the BrdU incorporation assay for E14.5 wild-type and Cited2-null liver sections, followed by immunostaining of cell type-specific markers such as vimentin for mesenchymal cells and albumin or HNF4a for hepatocytes. The TUNEL assay showed increased apoptosis in Cited2 À/À livers (12.871.2%), whereas the wildtype littermate controls had 3.971.5% apoptotic cells ( Figure 2C ). The immunostaining showed that majority of the apoptotic cells were mesenchymal cells, although some were hepatocytes ( Figure 2C ). The BrdU incorporation assay showed that 37.871.8 and 36.971.5% of cells in normal and Cited2 À/À livers were BrdU positive, respectively, suggesting that wild-type and Cited2-knockout embryos were not significantly different in the proportion of liver cells that are undergoing proliferation ( Figure 2C ). The proliferating cells were both hepatocytes (albumin positive) and non-hepatocytes ( Figure 2C ). To address whether hypoplastic fetal liver phenotype in Cited2 À/À embryos results from the impaired cell-cell contact, we investigated cell-cell interaction by examining the localization and expression levels of cell junction markers, Ecadherin and connexin 32, in E14.5 livers. Immunostaining showed that E-cadherin and connexin 32 were primarily membranous in wild-type liver, but the staining was much weaker or even absent from a substantial proportion of cells in Cited2 À/À liver, which is suggestive of defective cell-cell interaction ( Figure 3A ). Furthermore, Western blot analysis of E-cadherin and connexin 32 expression levels confirmed the above observation (Supplementary Figure 2) . These preliminary results suggested that mutant hepatocytes might have altered adhesive properties. We therefore cultured E14.5 hepatocytes from normal and mutant livers to directly test cell adhesion. Hematoxylin staining showed that wildtype hepatocytes were able to adhere and form good epithelial sheets on the extracellular matrix, collagen, whereas Cited2 À/À hepatocytes failed to adhere to the substrate ( Figure 3B ). Unlike cells from wild type, most cells from Cited2 À/À liver were small and round and adhered loosely to the few cells that attached to the substrate ( Figure 3B ). Viability of these cells was monitored using trypan blue staining and the results indicated that the small round-shaped cells were not dead but were non-adherent (data not shown). Rhodamine-phalloidin staining showed that normal hepatocytes primarily expressed cortical actin bundles, further confirming the epithelial nature of these cells ( Figure 3B ). However, Cited2 À/À hepatocytes contained multiple stress fibers ( Figure 3B ). E-cadherin was detected at the site of juxtaposed plasma membrane of wild-type hepatocytes, but the expression was much weaker in Cited2 À/À hepatocytes ( Figure 3B ). Furthermore, adenovirus-mediated exogenous Cited2 expression could rescue the ability of Cited2 À/À hepatocytes to adhere to the substrate (Supplementary Figure 3) .
Liver hypoplasia in Cited2-deficient embryos
Disorganized sinusoidal architecture, impaired lipid homeostasis and hepatic gluconeogenesis in Cited2
À/À fetal liver
Since well-developed sinusoidal architecture is necessary for liver function, we examined if the sinusoidal architecture is normal in Cited2 À/À liver. PECAM-1 immunostaining for E16.5 liver sections showed that wild-type liver had very organized sinusoidal architecture, with PECAM-1-positive endothelial cells surrounding large vessels as well as sinusoids, which were distributed throughout the parenchyma ( Figure 4A ). In contrast, the sinusoidal structure of Cited2
liver was greatly disrupted, exhibiting disorganized sinusoidal capillaries ( Figure 4A ). Proper formation of the intricate sinusoidal vascular network provides all hepatocytes direct access to the blood plasma and efficient lipoprotein metabolism (Postic et al, 2004) . Therefore, the disrupted sinusoidal architecture observed in Cited2 À/À liver could affect the ability of the liver to properly function in lipid homeostasis. Oil red O staining showed abundant fine-to medium-sized lipid storage droplets accumulated diffusely in Cited2 À/À liver, whereas lipid storage droplets were rarely observed in wild-type liver ( Figure 4B ). Electron microscopic analysis further showed numerous lipid droplets being accumulated in the sinusoidal space in E17.5 Cited2 À/À liver, whereas normal liver contained less lipid droplets ( Figure 4B ). In addition, periodic acid-Schiff (PAS) histochemistry revealed that E17.5 wild-type liver exhibited robust levels of glycogen accumulation. In contrast, accumulation of intracellular glycogen was greatly reduced in E17.5 Cited2 À/À liver, which displayed only sparse and weaker glycogen staining than wild-type liver ( Figure 4C ).
Gene expression profiling in Cited2
À/À fetal liver ) in Cited2-null embryos (16.66% in E14.5 liver and 20.03% in E17.5 liver) was slightly lower than that in wild-type (18.10% in E14.5 liver and 21.07% in E17.5) littermate controls. The RNA samples extracted from sorted wild-type and Cited2-null hepatocytes were used for real-time RT-PCR. The downregulated genes were categorized based on their biological functions. Figure 5A shows that in the absence of Cited2, the steady-state mRNA levels of a subset of genes which are involved in cell-cell contact assembly (E-cadherin (E-cad), gap junction protein b1 (Gjb1, also known as connexin 32), claudin 1 (Cldn1), occludin (Ocln), F11 receptor (F11r), crumb 3 (Crb3)), hepatic carbohydrate homeostasis (amylase 2 (AMY2), arginase 1 (ARG1), PPARg coactivator-1a (PGC1a), glucose-6-phosphatase (G6Pase), phosphoenolpyruvate carboxykinase (PEPCK), glucokinase (GK)) and several wellcharacterized hepatic differentiation markers (transferrin (TFN), transthyretin (TTR), tyrosine amino transferase (TAT), inter-a-trypsin inhibitor-4 (Itih-4), haptoglobin (HP)) were downregulated. However, the mRNA expression levels of several hepatic regulators such as HNF4a, HNF1a, HNF1b, HNF3 and HNF6 did not show significant difference between sorted wild-type and Cited2
À/À hepatocytes ( Figure 5A ).
Notably, most of these genes with altered expression profiles Figure 5A ). The immunostaining ( Figure 5B ) and Western blot analysis ( Figure 5C ) of HNF4a protein levels in wild-type and Cited2 À/À liver also did not show significant difference.
Rather, these results are consistent with the observation that Cited2 coactivates HNF4a through direct physical association and augmentation of its transcriptional activity (see below).
Cited2 acts as a coactivator for HNF4a
Cited2 is a transcriptional cofactor that in vitro can act as either a positive or a negative regulator of transcription Glenn and Maurer, 1999; Braganca et al, 2003; Tien et al, 2004; Chou et al, 2006) . Therefore, one mechanism that may underlie the abnormalities observed in Cited2 À/À fetal liver is defective coactivation of a transcription factor that is critical for liver development and function. Because Cited2-deficient fetal liver displays overlapping phenotypes with those of fetal liver-specific HNF4a knockout, we hypothesized that Cited2 could serve as a coactivator for HNF4a and regulate hepatic gene expression during liver development and differentiation. To test this possibility, we first examined subcellular localization of Cited2 and HNF4a proteins by confocal microscopic analysis, which showed that these two proteins colocalized in the nuclei (Supplementary Figure 4) . The in vitro GST pull-down assay showed that GST-Cited2, but not GST, efficiently pulled down Myc-HNF4a protein ( Figure 6A ), indicating the interaction of Cited2 with HNF4a in vitro. Mammalian two-hybrid analysis further showed that HNF4a failed to interact with the Cited2 mutant missing its C-terminal region, but was still able to bind to the mutant without the N-terminal amino acids ( Figure 6B ), indicating that Cited2 C-terminal region is essential for interacting with HNF4a. The functional significance of the identified interaction between Cited2 and HNF4a was further assessed in the luciferase reporter assay. HepG2 cells (with endogenous HNF4a expression), or HeLa and HEK293 cells (without endogenous HNF4a expression) were cotransfected with the plasmid expressing HNF4a, apoCIII promoter/luciferase reporter plasmid harboring HNF4a-responsive elements, together with varying amounts of the plasmid expressing Cited2 proteins. As previously reported, HNF4a was able to activate apoCIII transcription, while Cited2 only had marginal transactivation activity ( Figure 6C ). However, substantial activation was observed when Cited2 was cotransfected with HNF4a in a dose-dependent manner upon cotransfection of various amounts of Cited2 ( Figure 6C ). More importantly, coactivator p300 synergized with Cited2 to enhance HNF4a transcriptional activity in a dose-dependent manner ( Figure 6D) . Furthermore, the reporter assay showed that the combination of Cited2, HNF4a and p300 resulted in Oil red O staining showed that abundant fine-to medium-sized lipid storage droplets accumulated diffusely in E17.5 Cited2 À/À liver, whereas lipid storage droplets were rarely observed in wild-type fetal liver. Ultrastructural analysis showed abundant lipid droplets accumulated in the sinusoidal space in E17.5 Cited2 À/À hepatocytes (asterisks). Original magnification: Â 6000. (C) PAS staining revealed impaired glycogen storage in E17.5 Cited2 À/À fetal liver, compared with wild type. Figure 5) . Taken together, these data demonstrate that Cited2 acts as a coactivator to potentiate the transactivation activity of HNF4a.
To further explore the role of endogenous Cited2 in transactivation by HNF4a, we investigated the transactivation activity of HNF4a in primary hepatocytes and murine embryonic fibroblasts (MEFs) derived from E14.5 Cited2-null embryos to ascertain its function in the absence of Cited2. The transcriptional activity of HNF4a was evaluated by cotransfection of HNF4a and apoCIII promoter/reporter plasmid into Cited2-null cells. As shown in Figure 6E , although HNF4a did show transcriptional activity in Cited2 À/À hepatocytes and MEFs, the activity of the reporter gene in Cited2-null cells was greatly reduced, indicating that HNF4a function in these cells was defective and the full activation of HNF4a target genes requires endogenous Cited2. Taken together, these loss-of-function approaches complement the overexpression studies and demonstrate that Cited2 serves as a coactivator for HNF4a to regulate the expression of HNF4a target genes, which is consistent with the downregulation of HNF4a target genes seen in Cited2 À/À fetal liver ( Figure 5A ).
Recruitment of Cited2 onto the HNF4a-responsive promoters and reduced HNF4a occupancy to its responsive promoters in Cited2 À/À fetal liver
To demonstrate that Cited2 serves as an HNF4a coactivator for endogenous gene expression, we performed chromatin immunoprecipitation (ChIP) assay to determine whether Cited2 is recruited onto native, chromosomally integrated genomic sequences, which contain the HNF4a-binding sites in the context of mouse fetal liver. Recent studies demonstrated that HNF4a binds to the regulatory elements within many of the genes encoding cell junction and adhesion proteins during embryonic liver development, such as E-cadherin, Cldn1, Crb3, Eppk1, F11r, Gjb1, Lgals9 and Ocln (Battle et al, 2006 ). Since we observed disrupted cell junction assembly as well as the downregulated expression of genes functioning in cell-cell contact assembly in Cited2 À/À fetal liver, and proposed that Cited2 acts as a coactivator for HNF4a, we tested whether Cited2 interacts with the same HNF4a-binding regions that are known to be occupied by HNF4a. Formaldehyde-crosslinked protein-chromatin complexes isolated from mouse embryonic livers (E14.5 and E17.5) were immunoprecipitated with a Cited2-specific antibody to isolate the fraction of DNA associated with Cited2, or preimmune rabbit IgG to control for nonspecific immunoprecipitation of DNA. We identified sequences enriched in the pool of anti-Cited2-precipitated liver chromatin compared with the negative controls using PCR with oligonucleotides flanking HNF4a-binding sites identified by Battle et al (2006) . We showed that Cited2 was recruited onto the previously identified HNF4a-binding sites in six promoters out of eight cell junction genes assayed: E-cadherin, Gjb1, Cldn1, Crb3, F11r, Ocln, as well as apoCIII, whereas we failed to detect Cited2 recruitment to chromatin from the coding region of exon 9 of the mouse hypoxanthine phosphoribosyltransferase (HPRT) gene, which lacks HNF4a-binding sites ( Figure 7A ), indicating that the observed Cited2 chromatin association is gene specific and not due to a nonspecific activity of the HNF1α  HNF1β  HNF3  HNF6  E-cad  Gjb1  F11r  Cldn1  Ocln  Crb3  GK  AMY2  ARG1  PGC-1  G6Pase  PEPCK   TF  TTR  TAT  Itih- Cited2 C-terminal region is essential for interacting with HNF4a. All the luciferase reporter assays in (C-E) were performed as described in Materials and methods. (C) Cited2 enhances HNF4a-mediated apoCIII transcription in a dose-dependent manner. (D) Coactivator p300 synergizes with Cited2 to enhance HNF4a transcriptional activity in a dose-dependent manner. The data represent the mean7s.e.m.; n ¼ 3-5 samples for each group in panels B-D. *P-value from Student's t-test o0.05 when comparing the two indicated bars. (E) Loss of Cited2 abrogates HNF4a-mediated transactivation activity. HNF4a and various amounts of apoCIII promoter/reporter plasmids were cotransfected into wild-type and Cited2-null cells, followed by luciferase reporter assays. The data represent the mean7s.e.m.; n ¼ 3-5 samples for each group. *P-value from Student's t-test o0.05 when comparing wild-type with Cited2-null cells. Collectively, these data demonstrate that Cited2 coactivates HNF4a on the HNF4a target gene promoters through HNF4a-responsive elements.
In the absence of Cited2, the HNF4a transactivation activity is diminished ( Figure 6E ), consistent with a cooperative role of Cited2 in HNF4a activity. Quantitative ChIP assays were performed to determine the effect of Cited2 depletion on the HNF4a occupancy onto its target gene promoters. As shown in Figure 7B , in the absence of Cited2, the binding of HNF4a to the target gene promoters was reduced when compared with wild-type controls, ranging from 2-to 38-fold ( Figure 7C ). The ablation of Cited2 results in the reduced HNF4a occupancy to the responsive promoters, suggesting that Cited2 can activate HNF4a-mediated transcription via enhancing the DNA binding of HNF4a to its responsive promoters.
Discussion
The results presented in this study establish a new role for Cited2 in hepatogenesis, in part through its coactivation of HNF4a, a master regulator for hepatic gene expression, liver development, differentiation and function (Li et al, 2000; Hayhurst et al, 2001; Inoue et al, 2002; Parviz et al, 2003; Rhee et al, 2003) . We showed that Cited2 is preferentially expressed in developing liver and characterized fetal liver defects when Cited2 gene is absent during development (Figures 1-4) . We have also shown that Cited2 acts as an HNF4a coactivator capable of regulating its target genes by a variety of in vitro biochemical and cellular approaches (Figures 6 and 7) . The physical interaction of Cited2 with HNF4a and the functional cooperation report here provide supporting evidence that Cited2 functions as a coactivator for HNF4a to transduce cellular signals triggered by physiologic and developmental cues to the transcriptional control of liver development, differentiation and function by HNF4a, which further corroborates with the overlapping phenotypes of
Cited2
À/À livers and mice with liver-specific HNF4a deficiency. Based on our analyses of Cited2 À/À fetal liver, it is likely that loss of Cited2 activity in adult liver will have pleiotropic consequences that grossly affect liver function, which can be best determined by generating hepatocytespecific Cited2-knockout mice. Furthermore, in clinical practice, we would speculate that impaired activation of HNF4a due to inactivation/mutations of Cited2 might be involved in the etiology of certain patients with HNF4a mutation-associated maturity-onset diabetes of the young 1 (MODY1) (Ellard and Colclough, 2006) and type 2 diabetes mellitus (Hani et al, 1998) . Hence, the modulation of Cited2 docking to HNF4a may provide a novel therapy to manage liver dysfunctions in these diseases. Transactivation activity of HNF4a and other nuclear receptors is regulated by the orchestrated recruitment and assembly of several coactivators into multisubunit protein complexes on target gene promoters (Rosenfeld et al, 2006) . The coactivators stimulate transcription either through direct interactions with the basal transcription machinery or by inducing local chromatin remodeling through the intrinsic histone acetyltransferase (HAT) activity (Rosenfeld et al, 2006) . Since Cited2 lacks an obvious catalytic domain for HAT, which is responsible for coactivation properties for most coactivators, the underlying mechanisms for Cited2 to coactivate HNF4a transcriptional activity remain undefined. However, Cited2 may serve as an adaptor molecule, either by recruiting or stabilizing promoter-specific coregulator complexes. In this regard, based on the fact that nearly all cellular Cited2 molecules bind physically with HAT-containing proteins CBP/p300 with high affinity and the mechanism of HNF4a-mediated transcriptional activation involves the interaction with CBP/p300 (Soutoglou et al, 2000) , we speculate that the contribution of Cited2 to HNF4a transcriptional activity occurs through the recruitment of CBP/p300 to exert chromatin-remodeling activity. It is worth noting that the reporter assay showed a synergistic Immunoprecipitates were analyzed by PCR using primers specific for HNF4a-responsive elements in tested HNF4a target gene promoters. A sample representing 1% of total chromatin was included in the PCR (input). (B) The binding of HNF4a to its responsive promoters was reduced in chromatins from Cited2-null mice compared with wild-type controls. Crosslinked chromatin from E14.5 wild-type and Cited2-null livers was incubated with antibodies against HNF4a, or preimmune rabbit IgG (negative control).
Immunoprecipitates were analyzed by real-time PCR for quantitative analysis. A sample representing 1% of total chromatin was included in the PCR (input). (C) The reduction of HNF4a occupancy to its responsive promoters in chromatins from Cited2-null mice was evaluated by quantitative PCR. The data represent the mean7s.e.m.; n ¼ 3-5 reactions for each group. *P-value from Student's t-test o0.05.
effect of p300 on HNF4a coactivation by Cited2, suggesting an involvement of p300 (and probably CBP as well) in HNF4a coactivation by Cited2 ( Figure 6D ; Supplementary Figure 5) . Although Cited2 has no intrinsic HAT activity, its recruitment to the HNF4a target genes may also promote increased histone acetylation through its interaction with CBP/p300, thus indirectly altering the local chromatin structure. Consistent with this speculation, we observed that Cited2 À/À hepatocytes have abnormal nuclei containing large areas of heterochromatin accumulation ( Figure 4B ), suggesting that the absence of Cited2 may lead to the suppressed chromatin structure. More detailed studies will be necessary to clarify the potential involvement of Cited2 in remodeling chromatin structure and the related mechanisms. It is also worth noting that by the ChIP assay Cited2 is recruited to only certain but not all HNF4a-responsive promoters (6 out of 8 genes encoding cell junction proteins assayed), suggesting gene-specific coactivation of Cited2 for HNF4a. A genome-wide screen by ChIP-on-chip strategy could further identify specific target genes coactivated by HNF4a and Cited2. In addition, quantitative ChIP assays showed that diminished occupancy of HNF4a to its responsive promoters varied to some extent ( Figure 7C ), and did not correlate with observed decreases in the expression levels of target RNA ( Figure 5A ). This could be due to the differential HNF4a binding affinity for response elements found in various promoters. It could also result from the different composition and/or configuration of transcriptional protein complexes formed around DNA-bound HNF4a, thereby reflecting the contribution of other factors working in concert with HNF4a. In this regard, it has been proposed that DNA acts as an allosteric modulator that, when bound by transcription factors, could change the conformation of transcription factors, resulting in altered DNA binding affinity and transcriptional activity (Lefstin and Yamamoto, 1998; Wu and Chiang, 2007) . In turn, DNA-induced changes in transcription factor conformation were predicted to alter transcription factor affinity for other 'ligands' such as coactivators or corepressors (Lefstin and Yamamoto, 1998; Wu and Chiang, 2007) . The quantitative ChIP data in this study indicate that HNF4a target genes are subjected to diverse modes of regulation. Although this is likely due to different modes of HNF4a interaction with DNA, it is also possible that Cited2 contributes significantly to this diversity, namely, the nature of target gene promoters influences the relative ability of Cited2 to stimulate HNF4a-dependent gene transcription. Another important consideration is that several HNF4a targets are not affected in Cited2-null mice. Although the mechanism for this selective effect of Cited2 on HNF4a target genes is unknown, Cited2 may confer a subtle conformational change upon its partner transcription factor that affects its ability to bind certain DNA sequences. Alternatively, small differences in response elements in promoters may determine whether a productive interaction occurs between a bound transcription factor and a coactivator.
Taken together, our data suggest that Cited2 actions in liver development are in part mediated by its function as a transcriptional coactivator for HNF4a. Our findings provide new insights for the molecular mechanisms underlying liver development, differentiation and function, which may explain the etiology of liver dysfunction and resulting complications in human diseases. More importantly, the understanding of molecular mechanisms that underlie the Cited2 coactivation function for HNF4a in a variety of physiological and pathophysiological situations will offer novel targets for potential therapeutic intervention, hence contributing to drug discovery and new clinical applications.
Materials and methods
Mouse line and genotyping
Cited2
þ /À mice were genotyped by Southern blot analysis (Yin et al, 2002) and backcrossed at least 13 generations into C57BL/6J genetic background. The Cited2-lacZ mouse line (Martinez-Barbera et al, 2002) was used for Cited2 expression studies.
Histology, lacZ staining, immunohistochemistry, immunofluorescence and electron microscopic analysis LacZ staining was performed on sections from E9.25, E10.5 and E12.5 Cited2 heterozygous (Cited2 þ /lacZ ) embryos as described (Bort et al, 2006) . The same sections were double stained with antibodies against albumin or HNF4a. H&E-stained sections were used for histological analysis. Cell apoptosis was analyzed using a terminal deoxynucleotidyl transferase biotin-dUTP nick-end labeling (TUNEL) kit according to the manufacturer's manual (Chemicon), followed by immunostaining for vimentin and HNF4a. BrdU incorporation was detected by immunohistochemistry analysis using anti-BrdU-POD antibodies (clone BMG-6H8) according to the protocol provided by the manufacturer (Roche), and further stained by anti-albumin antibodies. Immunostaining of vimentin, albumin, HNF4a, E-cadherin, connexin 32, and PECAM-1 was performed using indirect antibody immunostaining procedures with appropriate fluorescence-labeled secondary antibodies. Frozen liver sections were stained with Oil red O (Sigma Chemical Co.). PAS staining was performed on paraffin-embedded sections according to the manufacturer's protocol (Sigma Chemical Co.). The TUNEL/ vimentin/HNF4a, E-cadherin and connexin 32-stained sections were examined under a confocal microscope. Fetal livers were processed for resin embedment using standard procedures. The ultra-thin sections were examined under a JEOL 100CX transmission electron microscope.
Microarray analysis
Total RNA (15 mg) isolated from three each of wild-type and Cited2-null E14.5. fetal livers using Qiagen RNeasy kit (Valencia, CA) was used to prepare biotinylated cRNA according to the protocol described in Affymetrix Expression Analysis Technical Manual. We hybridized a total of six GeneChip Mouse Genome 430A 2.0 arrays (Affymetrix), three for controls and three for experimental samples. Images were acquired by using a GeneChip Scanner 3000 (Affymetrix). GENECHIP Operating Software (GCOS) from Affymetrix was used to analyze the data. The microarray data have been submitted to the ArrayExpress database under accession number E-MEXP-1240.
Northern blotting and real-time RT-PCR
Total RNAs from liver tissues were extracted by using Trizol reagent (Invitrogen) following the manufacturer's instructions. A 10-mg aliquot of each RNA sample was applied for NORTHERN blot analysis by hybridization with 32 P-labeled cDNA probes (Cited2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) according to standard protocols. A 100-ng weight of total RNAs extracted from sorted wild-type and Cited2-null hepatocytes were reverse transcribed to cDNA using the SuperScript TM First-Strand Synthesis System (Invitrogen). Real-time PCR was performed with iQ TM SYBR Green Supermix (Bio-Rad) on an iCycler TM Thermal Cycler (BioRad) according to the manufacturer's instructions. The expression levels of genes tested were normalized to the expression levels of a housekeeping gene HPRT.
Cell culture, transient transfection and luciferase assay
Primary hepatocytes were isolated and inoculated onto collagencoated cell culture dishes at a cell density of 4 Â 10 5 cells/cm 2 as described (Matsui et al, 2002) . Primary MEFs were isolated and cultured according to the standard protocol. Primary cells, HepG2, HeLa and HEK293 cells were transfected with FuGENE 6 Transfection Reagent (Roche) according to the manufacturer's protocol. The luciferase activity was assessed by using Dual-Luciferase Reporter 
